Introduction
Sliding contact between two metal surfaces arises in various metal forming and metalworking processes such as rolling, grinding and cutting. [1] [2] [3] [4] [5] In these processes, spray jet impingement of a metalworking fluid (MWF) is used to provide lubrication to the material and working tool surfaces [1] [2] [3] [4] as well as to reduce friction and dissipate process heat. 5) Because the collision between individual droplets and solid is the fundamental component of spray jet impingement, the contact behavior of MWF droplets impinging on a hot substrate is of great interest to engineers involved in tribology and spray cooling.
One of the MWFs typically used in spray jet impingement is oil-in-water (O/W) emulsion, which is composed of water and dispersed oil droplets with a small amount of surfactant. Because oil and water are immiscible, and the boiling temperature of oil (~300°C for mineral oil) is significantly higher than that of water (100°C at atmospheric pressure), the boiling and contact behaviors of the O/W emulsion droplets impinging on a hot substrate show considerably different trends from those of single-component liquids such as water. Although a large number of experimental studies
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have been carried out on the boiling and contact behavior of water droplets impacting on a hot substrate, [6] [7] [8] [9] there is a paucity of studies concerning O/W emulsion droplets used in actual metal forming processes.
A few works have been carried out on O/W emulsions. Prunet-Foch et al. 10) studied the collision dynamics of O/W emulsion droplets with a stainless steel surface using a high frequency visualization technique. They discussed the contact line instabilities and the splashing phenomena from the hydrodynamic and physicochemical aspects. Nagai et al. 11) investigated the deformation and oil adhesion characteristics of an O/W emulsion impinging on a hot aluminum solid. They reported that the Leidenfrost temperature was significantly affected by the oil concentration and liquid temperature. Despite of these works, little is known on the transient contact behavior of O/W emulsion droplets impinging on a hot substrate.
In view of the above considerations, the authors have experimentally investigated the hydrodynamics and heat transfer characteristics of O/W emulsion droplets impinging on a hot, thin stainless steel foil. 12) The temperature variations of the 0.1 mm-thick foil were measured during droplet impingement using a high-speed infrared thermometer. Different test liquids were used: (1) water, (2) O/W emulsions (oil concentration: 5, 15 mass%), and (3) base oil. Figure 1 shows the time evolutions of the substrate temperature dur-ing the droplet collisions at an impact velocity of 1.0 m/s for different test liquids, which are not shown in the authors' previous work. 12) The initial temperatures of the substrate were 200 and 350°C. The droplet diameters were 2.4 and 2.3 mm for the water and O/W emulsions, respectively. The droplet came into contact with the substrate at 0 s. It is evident that the substrate temperature did not immediately decrease the moment the droplet impacted the substrate surface; rather, the substrate temperature decreased at ~1 ms after impact. This is due to the fact that the measurement point is not on the droplet impingement side, but on the rear surface of the sheet, as shown in Fig. 1 . The substrate temperature then decreased monotonically with time. The water droplet significantly cools the stainless steel foil whereas the base oil only leads to a minor temperature reduction. The reduction of the substrate temperature is more pronounced for the O/W emulsion with smaller oil concentration. One of possible reasons for this is the difference in thermal conductivity between the test liquids, as shown in Table  1 . However, the influence of the type of liquid on the heat transfer characteristics of droplet impingement cannot be merely explained based on the thermo-physical properties of the test liquid. It is postulated that such results are also due to differences in the boiling phenomenon and liquid/solid contact behavior. However, it is not possible to distinguish the details of the boiling phenomena based on the flow visualization technique adopted in the authors' previous study and thus, the boiling phenomenon remains unclear.
In order to address this issue, this study was carried out to experimentally investigate transient boiling phenomenon and contact behavior of O/W emulsion droplets impacting on a hot substrate. A transparent sapphire substrate was used and the contact behavior of the test liquid was observed from behind the substrate. Three-directional flash photography method developed by the authors was used for the observations. 13) The O/W emulsions were the same as those used in the previous work. 12) The effects of substrate temperature (T w = 150-400°C) and oil concentration of the O/W emulsions (5 and 15 mass%) on the contact behavior of the droplets were investigated and a simple oil adhesion test was also conducted. The findings will be discussed from both scientific and industrial perspectives. Figure 2 shows the schematic of the experimental apparatus and photography system. The experimental setup consisted of a droplet generator to form the isolated droplets, a test substrate onto which the droplets were impinged, and observation equipment. The setup and experimental procedure were similar to those used in the authors' previous work. 13) 
Materials and Methods

Experimental Setup
Fig. 1. Time evolutions of the stainless steel foil temperature dur-
ing droplet impact measured in the authors' previous work for different test liquids. 12) It shall be noted that the droplet diameter was ~2.3 mm and the impact velocity of the droplets was 1.0 m/s. These data were not represented in the paper. (Online version in color.) Water, O/W emulsions (oil concentration: 5, 10 mass%), and base oil were chosen as the test liquids, which were the same as those used in the authors' previous work. 12) The O/W emulsions were prepared by stirring a mixture of base oil and water using a mixing machine for 20 min at a stirring speed of 6 500 rpm. The base oil was composed of 95.0 mass% of mineral oil and 5.0 mass% of emulsifier. The mean diameter of the dispersed oil droplets in the emulsion was 8-9 μm. The measured thermo-physical properties of the test liquids at 20°C are listed in Table 1 .
The pre-impact diameters of the O/W emulsion droplets were ~2.3 mm for both oil concentrations (5 and 15 mass%) whereas the diameters of the base oil and water droplets were 2.1 and 2.4 mm, respectively. The impact velocity of the droplets on the solid substrate was 1.0 m/s for all cases. The temperature of test liquid was approximately 20°C. The test substrate was a rectangular, transparent optical prism made of sapphire with a horizontal area of 20 mm × 20 mm. The flatness, defined as the distance between the peak and valley of the prism, was within 320 nm. The test substrate was heated at a predefined value (T w = 150-400°C).
Three-Directional Flash Photography Method
The deformation and contact behaviors of the droplets impacting on a hot substrate were observed using a threedirectional flash photography method developed by the authors. 13) In this method, three instantaneous images of the droplet were captured simultaneously by three digital cameras with four flashlights based on three different techniques. Multiple tests were conducted under fixed experimental conditions in order to obtain the time evolutions of the hydrodynamic behavior for the droplets.
When a droplet came into the observation area near the solid surface, four flashlights were activated using a flash controller, as shown in Fig. 2 . Flashlight A 1 was operated prior to the droplet impact whereas flashlights A 2 , B, and C were triggered simultaneously after the droplet impact. The side-view, double exposed, backlit images were captured by camera A with flashlights A 1 and A 2 in order to determine the pre-impact diameter of the droplet, impact velocity, and the time at which the droplet came into contact with the substrate. The top-view images were captured by camera B with flashlight B to understand the shape of the deforming droplet.
The images of the liquid/solid interface were captured from behind the optical prism using camera C with flashlight C. The incident angle of the observation light to the interface was 45°. The refractive indices of air (vapor), water, oil, and sapphire were 1.0, 1.33, 1.48 and 1.75, respectively. It is noted that total reflection occurs at the air/sapphire interface while some light passes through the water/sapphire and oil/sapphire interfaces. 14, 15) Consequently, the air (vapor)/sapphire interface appears bright in the interfaceview images whereas the water/sapphire and oil/sapphire interfaces appear dark.
After each droplet impact involving the O/W emulsion or base oil, the substrate surface was heated above 400°C to evaporate the oil residue on the substrate and the substrate was carefully wiped with a chemical cleaner to ensure that the droplet would always impact on a clean, dry, hot substrate. More details regarding the experimental setup, photography system, and experimental procedure are given in the authors' previous work. 13) 
Results and Discussion
Deformation and Contact Behavior of Water and
Base Oil Droplets Impacting on the Sapphire Prism at Various Temperatures The deformation and contact behavior of the water droplets impinging on the hot sapphire prism at various temperatures were investigated as the reference case. Figure 3 shows the time evolution of the water droplets impinging on the sapphire prism at various substrate temperatures (T w = 150-400°C). The top-view and interface-view images are shown in Figs. 3(a) and 3(b), respectively, and the elapsed time after droplet impact is shown underneath each photograph. For all cases, the droplet impacted the substrate at t = 0 ms and then the droplet spread and deformed into a circular disk shape ( Fig.  3(a) ). As expected, the boiling phenomenon is significantly dependent on the substrate temperature. At T w = 150°C, a few boiling vapor bubbles were present at the liquid/solid interface. Strong nucleate boiling occurred at T w = 200°C. The bursting of boiling vapor bubbles at the water/air interface resulted in disintegration of the liquid into numerous minute droplets. 16) The number of minute droplets decreased as the substrate temperature increased. At T w = 400°C, the droplet bounded off the solid substrate without any disintegration.
At high substrate temperatures, the disk-shaped droplets had a cloudy appearance ( Fig. 3(a) ) because the observation light was scattered at numerous bubble surfaces in the liquid and wavy liquid/vapor interfaces. For this reason, the interface-view images were captured ( Fig. 3(b) ) to shed some light on the contact behavior of the droplets. The dark area was more apparent at T w = 150°C and 200°C, which is associated with the direct water/substrate contact area. A large number of white spots were present in the dark area, indicating the formation of vapor bubbles. At T w = 250°C, the dark area had almost completely diminished at t = 12.1 ms because the disintegrated liquid had left the solid substrate after impact, as shown in Fig. 3(a) . The size of the dark region decreased with an increase in the substrate temperature. At T w = 400°C, there was no dark area observed during droplet impact, suggesting that no liquid/solid direct contact occurs. Rather, a stable vapor film formed between the liquid and substrate. The droplet was insulated from the solid substrate through the vapor layer.
The critical boundary at which this direct contact occurs immediately after droplet impact can be explained in terms of the superheat limit of water (~300°C) and the interfacial temperature, T i . When the interfacial temperature is higher than the superheat limit, direct liquid/solid contact rarely occurs due to the formation of the vapor layer. The interfacial temperature is often estimated based on the one-dimensional transient heat conduction theory for interfacial contact between two semi-infinite solids at different temperatures, 16) as follows: where T, ρ, c p , and λ denote the temperature, density, spe- cific heat, and thermal conductivity, respectively. The subscripts 1 and 2 in Eq. (1) denote the thermo-physical property for materials 1 and 2, respectively. For T w = 400°C, T i was found to be 342°C, which is higher than the superheat limit of water at atmospheric pressure. For T w = 350°C, T i was 300°C. The experimental results are consistent with the results obtained using Eq. (1). The collision behavior of the base oil droplets was also investigated for comparison. Figure 4 shows the time evolution of the collision behavior of the base oil droplet impacting on a hot substrate at T w = 350°C. T i was 333°C in this case, which is slightly higher than the boiling temperature of the base oil (~300°C). The results revealed that very weak nucleate boiling was present as well as a large oil/solid contact area. As expected, the wettability of the base oil to the test substrate is superior to that of water at this temperature. Figures 5 and 6 show the time evolutions of the O/W emulsion droplet with an oil concentration of 5 and 15 mass%, respectively, impinging on the hot sapphire prism at various substrate temperatures. The results showed that the O/W emulsion droplets had a cloudy appearance because of numerous oil droplets dispersed in the liquid. Consequently, it is not possible to distinguish the features of the boiling phenomenon in the top-view images, particularly for the O/W emulsion with a higher oil concentration of 15 mass%. The deformation behavior of the O/W emulsion droplets is moderately similar to that for the water droplets, where each droplet impacted onto the substrate surface, deformed into a circular disk shape, and then either disintegrated or bounded off the surface. However, there are some distinct differences in the deformation behavior between the O/W emulsion and water droplets. Firstly, the number of minute droplets is significantly smaller for the O/W droplets compared with that for the water droplets in the following cases: T w = 200°C and 250°C. Secondly, the disintegration of the O/W droplets upon impact is less pronounced compared with that for the water droplets.
Deformation and Contact Behavior of O/W Emulsion Droplets Impacting on the Sapphire Prism at Various Temperatures
There is a considerable difference in the interface-view images between the water droplets ( Fig. 3(b) ) and O/W emulsion droplets (Figs. 5(b) and 6(b)). Here, the results are discussed in the reverse order of the substrate temperature. At 400°C, there was almost no liquid/solid contact. At 350°C, tiny dark areas appeared for the O/W emulsion droplets (which were smaller than those for the water droplets) even though the base oil droplet had good wettability to the test substrate, as shown in Fig. 4 . The contact areas for the 15 mass% O/W emulsion were smaller than those for the 5 mass% O/W emulsion. Based on the results shown in Figs. 4 and 5, the oil phase hardly evaporated during droplet impact whereas the water phase evaporated significantly. When the O/W emulsion droplet impacted the test substrate, some amount of water was soon vaporized near the solid surface, followed by an increase in the local oil concentration of liquid there. As shown in Table 1 , the oil viscosity is significantly higher than that of water. The oil-rich liquid with high viscosity reduces the vapor from flowing out to the atmosphere, resulting in a smaller liquid/solid direct contact area for the O/W emulsion with higher oil concentration.
At T w = 250°C and 300°C, the liquid/solid contact areas in Figs. 5(b) and 6(b) were smaller than the apparent contact areas observed in Figs. 5(a) and 6(a). By comparing the interface-view images (Figs. 3(b) , 5(b), and 6(b)), the contact areas were smaller for the O/W emulsions compared to those for water. In addition, the dark areas disappeared at an earlier time compared to those for water. This reduces the formation of minute droplets from the bursting of vapor bubbles and the disintegration of liquid.
At contact areas were larger than those at higher substrate temperatures. Moreover, direct liquid/solid contact occurred at a later time. Figure 7 shows the time evolution of the dimensionless contact diameter (normalized with respect to the pre-impact diameter) for the water and O/W emulsion droplets at T w = 200°C during the earlier stages of the droplet impact tests. The definition of the contact diameter is shown in the figure. The contact diameter refers to the diameter of the dark area in the vertical direction directly measured from the interface-view images when the droplet was within the observation window. The contact diameter increased with time and it was independent of the type of liquid, suggesting that the spreading behavior of the droplets is similar for all of the test liquids investigated in this study. However, the actual liquid/solid contact areas for the 5 mass% O/W emulsion in Fig. 5(b) were significantly smaller than those for water when t ≤ 5.3 ms. There were relatively large bright areas surrounded by narrow and cellular-shaped dark areas. Hence, the possibility for a direct liquid/solid contact is small. The results indicated that there is vapor trapped in the oil-rich dark areas on the substrate surface, which prohibits vapor from flowing out to the atmosphere.
Here, the results shown in Fig. 1 are also discussed based on the present data concerning the liquid/solid contact behavior. It shall be noted that the heat capacity of the sapphire prism used in this study is significantly higher than that of the thin stainless steel foil used in the authors' previous study 12) and the thermal diffusivities of sapphire and stainless steel are comparable. Thus, temperatures of the stainless steel foil for different test liquids in Fig. 1 are similar to those of the liquid/sapphire prism interface only during the earlier stages of the droplet impact tests whereas the temperatures are lower than those of the liquid/sapphire prism interface thereafter. The direct liquid/solid contact area was larger for the O/W emulsion with lower oil concentration (5 mass%) when the substrate temperature was less than or equal to 350°C, as shown in Figs. 3(b), 5(b) and 6(b), where direct liquid/solid contact was present. The results are consistent with the results that the temperature reduction during droplet impact was more significant for the 5 mass% O/W emulsion, as shown in Fig. 1. 
Oil Adhesion
Based on the results obtained for the 15 mass% O/W emulsion and T w = 200°C, it can be seen that some oil was present on the substrate at t = 8.0 ms and 11.9 ms, as shown in Fig. 6(b) . Similar results were also obtained for the 5 mass% O/W emulsion. Oil residue is likely due to the following reason. In the experiments, each droplet fell vertically and impinged on the horizontal solid substrate heated at a temperature above the boiling temperature of water, but below the boiling temperature of oil. Because the droplet remains within proximity of the point of impact after collision, only water evaporation occurs, resulting in oil residue. As expected, the amount of oil residue is higher for the O/W emulsion with higher oil concentration (15 mass%) . At higher substrate temperatures, most of the liquid was far from the point of impact and therefore, there was almost no oil residue on the substrate surface.
The characteristics of the oil adhesion to the substrate is of great interest to engineers from an industrial perspective. However, it was not possible to investigate these characteristics using the current experimental setup because the oil adhesion at the first liquid/solid contact could not be evaluated. To address this issue, additional experiments were carried out for oblique impact tests, in which the O/W emulsion droplets were impacted on a tilted substrate and the liquid then moved downwards along the substrate due to the impact inertia, as illustrated in Fig. 8 . In the experiments, a sapphire disk (diameter: 30 mm, thickness: 2 mm) was used as the test piece. The tilt angle of the test piece with respect to the horizontal was α = 30°. 170, and 200°C. The experimental procedure is described as follows. Firstly, the clean sapphire disk was placed on top of a heater and the heating process was initiated. After the temperature of the substrate reached the predefi ned temperature, the droplet impact test was performed. Two types of impact tests were conducted: (1) single-droplet and (2) multipledroplet impact tests. In the former case, only one impact test was carried out and then the substrate was cooled slowly by switching off the power supply to the heater. Following this, the oil adhesion on the substrate was carefully observed under a microscope. In the multiple-droplet impact test, single impact tests were carried out 5 or 20 times without wiping off the oil residue from the substrate. The substrate was continuously heated during the experiments. The time interval between two successive experimental runs was suffi ciently long to ensure that the droplets would always impact on a dry substrate heated to the predefi ned temperature. Following this, the substrate was cooled and the oil adhesion near the point of impact was observed under a microscope. The experiments were conducted at least three times for both single-droplet and multiple-droplet impact tests to ensure repeatability of the oil adhesion. Figure 9 shows the results for the single-droplet impact tests (N = 1) and the results revealed that some oil remained near the point of impact. At T w = 140°C, there were many tiny oil spots, which were similar in scale to the oil droplets dispersed in the 15 mass% O/W emulsion. There were also relatively large areas where the tiny oil droplets merged and spread along the surface. At T w = 170°C, there were fewer large oil adhesion areas compared with those obtained at T w = 140°C, and there was a signifi cant number of tiny oil spots. The results suggest that there is adhesion of individual oil droplets; however, the merging of oil droplets rarely occurs. At T w = 200°C, there was an insignifi cant amount of oil adhesion, probably because the vapor between the emulsion liquid and solid substrate prevents direct liquid/solid contact. Therefore, it can be deduced that the oil residue that remains after normal collision at T w = 200°C in Figs. 5 and 6 adheres to the surface not at the moment of droplet impact; rather, adherence takes place at a later time due to evaporation of the water phase. Figure 9 also shows the results of the multiple-droplet impact tests(N = 5 and N = 20). The fi rst emulsion droplets impacted on the clean substrate. Subsequent droplets then impinged on the substrate where some base oil and surfactant were present. Thus, the experimental conditions were more practical than those for the single-droplet impact tests. Oil adhesion was observed at T w = 140°C. It increased in volume with an increase in the number of droplet impacts. The oil droplets merged more frequently, resulting in the formation of an oil fi lm over the entire measurement area. Fewer oil adhesion appeared at higher substrate temperatures. At T w = 170°C, the amount of oil adhered to the substrate was similar, regardless of the number of droplet impacts. At T w = 200°C, oil adhesion was rarely seen although a small amount of oil adhesion was always observed for single-droplet impact tests. This is likely because the oil adhered to the surface is washed away due to the flow motion of subsequent impinged O/W emulsion droplets.
Conclusions
In this study, the transient liquid/solid contact and boiling behaviors of droplets impacting on a sapphire prism heated up to a temperature of 500°C were experimentally investigated. The conclusions drawn based on the findings of this study are summarized as follows:
(1) The liquid/solid contact and boiling behaviors of water droplets were significantly influenced by the temperature of the solid substrate. A small number of boiling vapor bubbles appeared at the liquid/solid interface at T w = 150°C and strong nucleate boiling was present at T w = 200°C. At T w = 250-350°C, liquid/solid contact occurred at an earlier time during the droplet impact tests. At T w = 400°C, there were no dark areas during the droplet impact. The base oil droplets had good wettability to the solid substrate even at T w = 350°C because of its high boiling temperature.
(2) The deformation behavior of the O/W emulsion droplets showed moderately similar trends to that for water droplets. However, there was a considerable difference in the contact behavior between water and O/W emulsion droplets. The contact areas upon impact were smaller for the 15 mass% O/W emulsion droplets because the high viscosity oil-rich layer entraps vapor between the droplet and sapphire substrate.
(3) Oil adhesion tests were conducted for the 15 mass% O/W emulsion. For single-droplet impact tests, only a small amount of oil adhesion was observed at T w = 200°C. The oil adhesion increased in volume with a decrease in temperature of the solid substrate. For multiple-droplet impact tests, the formation of oil film was observed at T w = 140°C, but there was almost no oil residue at T w = 200°C.
